Martínez del Rio C. A nectar-feeding mammal avoids body fluid disturbances by varying renal function. Am J Physiol Renal Physiol 295: F1855-F1863, 2008. First published October 22, 2008 doi:10.1152/ajprenal.90349.2008.-To maintain water and electrolyte balance, nectar-feeding vertebrates oscillate between two extremes: avoiding overhydration when feeding and preventing dehydration during fasts. Several studies have examined how birds resolve this osmoregulatory dilemma, but no data are available for nectar-feeding mammals. In this article, we 1) estimated the ability of Pallas's long-tongued bats (Glossophaga soricina; Phyllostomidae) to dilute and concentrate urine and 2) examined how water intake affected the processes that these bats use to maintain water balance. Total urine osmolality in water-and salt-loaded bats ranged between 31 Ϯ 37 mosmol/kgH 2O (n ϭ 6) and 578 Ϯ 56 mosmol/kgH 2O (n ϭ 2), respectively. Fractional water absorption in the gastrointestinal tract was not affected by water intake rate. As a result, water flux, body water turnover, and renal water load all increased with increasing water intake. Despite these relationships, glomerular filtration rate (GFR) was not responsive to water loading. To eliminate excess water, Pallas's long-tongued bats increased water excretion rate by reducing fractional renal water reabsorption. We also found that rates of total evaporative water loss increased with increasing water intake. During their natural daytime fast, mean GFR in Pallas's long-tongued bats was 0.37 ml/h (n ϭ 10). This is ϳ90% lower than the GFR we measured in fed bats. Our findings 1) suggest that Pallas's long-tongued bats do not have an exceptional urinediluting or -concentrating ability and 2) demonstrate that the bats eliminate excess ingested water by reducing renal water reabsorption and limit urinary water loss during fasting periods by reducing GFR. glomerular filtration rate; Glossophaga soricina; urine dilution; water balance; water flux OSMOREGULATION IN NECTAR-FEEDING vertebrates demands that two diametric challenges be met. When feeding, both nectarivorous birds and mammals ingest multiples of their body mass (m B ) each day in water (4, 26, 34) . Consequently, to avoid overhydration (1, 12), they must be efficient at eliminating the excess water they ingest (4, 26, 34) and recovering filtered electrolytes (2, 41). However, when these nectarfeeding vertebrates are fasting, their high mass-specific rates of evaporative water loss (46, 50) and poor urine-concentrating abilities (14, 16, 31, 51) appear to place them at risk of dehydrating (22). Curiously, even though a large number of mammals eat nectar (8, 40) , no studies have sought to identify the physiological processes that nectarivorous mammals use to osmoregulate. Understanding these processes in nectar-feeding mammals is of interest for two reasons. First, although the mechanisms underlying both water elimination and conservation are reasonably well understood (10), relatively little is known with respect to how these mechanisms adjust to meet oscillating demands. Second, several of the physiological processes that nectar-feeding birds use to osmoregulate, such as interrupted renal filtration (20, 21) and regulated water absorption (36), are thought to cause harm and/or not exist in mammals (10, 24, 45) . Here, we report the results of two experiments designed to understand how osmoregulatory processes in a specialized nectar-feeding mammal, the Pallas's long-tongued bat (Glossophaga soricina; Phyllostomidae), respond to both water excess and stress.
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Our first experiment examined the electrolyte aspect of osmoregulation. When feeding, specialized nectar-feeding birds appear to be exceptionally good at recovering electrolytes filtered in the kidney (6, 14, 31) . Hummingbirds (Trochilidae), for example, have been shown to void urine with Na ϩ and K ϩ concentrations as low as 0.4 and 0.2 mM/l, respectively (31) . Despite the need to limit urinary water loss during fasting periods (23) , nectar-feeding vertebrates have a limited urineconcentrating capacity; among both birds and mammals, maximum urine concentrations range from approximately isotonic to roughly three times greater than plasma concentration (6, 7, 14, 16, 31, 37, 51) . In this article, we measured urinary osmolyte and electrolyte concentrations in water-and saltloaded Pallas's long-tongued bats. Although we expected them to excrete hyposmotic urine when water loaded, we did not expect values to be as low as those observed in specialized nectar-feeding birds (14, 31) . When salt loaded, we expected Pallas's long-tongued bats to excrete hyperosmotic urine (51) . However, because the renal medullae in these bats are relatively undeveloped (9, 47), we did not expect them to produce urine that was more concentrated than that observed in other nectar-feeding vertebrates.
To eliminate excess ingested water, nectar-feeding birds have been shown to reduce renal water reabsorption (17, 20, 21, 37) . Under some circumstances, nectar-feeding birds also appear to reduce water absorption in the gastrointestinal tract (GIT) and increase glomerular filtration rate (GFR) when water intake rates are high (20, 36, 37) . During fasting periods, hummingbirds have been shown to reduce, even cease, GFR to limit urinary water loss (20, 21) . In our second experiment, we measured the response of water-handling processes in the GIT and kidney of Pallas's long-tongued bats to varying rates of water intake. We expected these bats to reduce renal water reabsorption as water intake rate increased. We did not, however, expect the GIT or GFR to have an osmoregulatory role during water loading; that is, no mechanism has been identified that would decouple dietary water absorption from nutrient assimilation (30, 44, 45) , and water loading does not appear to overwhelm the autoregulatory control of GFR in mammals (56) . During fasting periods, however, we did expect GFR in Pallas's long-tongued bats to be reduced. However, because these bats appear capable of producing hyperosmotic urine (51) and mammals cannot tolerate interruptions in renal filtration (10, 24), we did not expect GFR reductions to be as dramatic as those reported in hummingbirds.
MATERIALS AND METHODS
When conducting the research described in this article, we adhered to the principles and guidelines articulated by the Institute of Laboratory Animal Resources (27) . Our protocols were approved by the University of Wyoming's Institutional Animal Care and Use Committee.
Bat Capture and Maintenance
Pallas's long-tongued bats (m B ϭ 10.78 Ϯ 0.97 g, n ϭ 16; 9 males, 7 females) were caught with mist nets in the state of Colima, Mexico (19°1ЈN, 103°47ЈW) and were transported to the University of Wyoming. We housed bats at 28 Ϯ 2°C and 45 Ϯ 7% relative humidity inside an irregularly shaped, wire-mesh cage (1.73 m 3 ) on a 12-12 h light-dark photoperiod (photophase: 0700 -1859 MST). Bats were maintained on an aqueous diet of 16.9% ripe banana (mass%), 2.6% mixed grain baby cereal (Gerber, Fremont, MI), 1.9% full cream powdered milk (Nido Clásica; Nestlé South America, Vevey, Switzerland), and 1.3% sucrose with a 0.3% vitamin supplement (Nekton-S; Guenter Enderle, Tarpon Springs, FL). Except as described in the experiments below, bats fed ad libitum on this maintenance diet during the scotophase and always had access to drinking water. For the experiments described below, ambient temperature, relative humidity, and photoperiod were the same as the maintenance conditions.
Experiment 1: Urine Concentrations During Water and Salt Loading
Design. To estimate the ability of Pallas's long-tongued bats (m B ϭ 10.83 Ϯ 0.65 g, n ϭ 6; 4 males, 2 females) to dilute and concentrate urine, we fed them 292 mmol/l (mM) sucrose solutions containing 0, 75, 150, 225, and 300 mM NaCl. Although the salt-free diet will lead to measurements that closely approximate the urine-diluting capacity of these bats, our salt-loading design precludes an accurate assessment of maximum urine-concentrating ability (13) . We made all experimental diets with deionized water (Milli-Q; Millipore, Billerica, MA), and the order of feeding trials was determined randomly. Bats spent a minimum of 2 days feeding on the maintenance diet between trials.
Protocol. Before lights off (ϳ1830), we transferred bats from the maintenance cage to individual experiment cages (0.3 ϫ 0.3 ϫ 0.3 m). The front panel of these cages was Mylar-coated glass; the remaining panels were opaque plexiglas. We equipped each cage with one perch, and bats accessed food while perching. We calculated the rate of NaCl ingestion (mg/h) on the basis of 1) the concentration of NaCl in the diet and 2) the rate at which bats consumed the experimental diet (ml/h) after accounting for evaporation and spillage. We collected urine immediately after it was voided onto the wax paper that lined the bottom of each cage using glass microcapillary tubes (100 l; Drummond Scientific, Broomall, PA). We did not analyze urine that came into contact with either the perch or the bat.
Beginning at lights off (1900), bats fed for ϳ8 h on one of the experimental diets. After this acclimation period, we weighed the bats (Ϯ0.01 g) and then began collecting urine. Urine collection occurred between ϳ0400 and ϳ0645. We recorded ad libitum food consumption (Ϯ0.1 ml) throughout the diet acclimation and urine-collection periods. At ϳ0645, we weighed the bats again and then returned them to the maintenance cage. If, during the diet-acclimation phase, a bat did not eat for a continuous 4 h span, we removed it from the experiment and returned it to the maintenance cage/diet.
To ensure that the bats were acclimated to the experimental diet, we pooled urine samples from ϳ0400 to 0530 for individual bats and compared their total osmolality (mosmol/kgH 2O) to the samples we collected between 0531 and ϳ0645. The urine samples from this latter period were similarly pooled for individual bats. The total osmolality of urine between these two periods was similar (paired t-test: t 17 ϭ Ϫ1.41, n ϭ 18, P ϭ 0.1759), and we only analyzed the urine osmolality (Osmette II; Precision Systems, Natick, MA) and NaCl ingestion data from the latter period (0531 to ϳ0645). We measured the concentration of Na ϩ (Ϯ1 mosmol/kgH2O), Cl Ϫ (Ϯ1 mosmol/ kgH2O), and K ϩ (Ϯ0.1 mosmol/kgH2O) in urine using a Starlyte III electrolyte analyzer (Alpha Wassermann Diagnostics, West Caldwell, NJ).
Experiment 2: Water-Handling Processes in the GIT and Kidney
Design. We randomly assigned Pallas's long-tongued bats (mB ϭ 10.65 Ϯ 1.04 g, n ϭ 10; 5 males, 5 females) to one salt-free diet containing either 146, 292, 438, or 584 mM sucrose. We then closely followed the two-marker technique of Hartman Bakken and Sabat (21) . Their approach combines mass-balance (35) and slope-intercept models (15, 19) to measure GIT and renal responses to water intake simultaneously in nonanesthetized animals feeding naturally. However, to use the two-marker technique in Pallas's long-tongued bats, we modified 1) how L-glucose distribution space was determined and 2) how we determined the 14 C concentration in urine to estimate fractional renal water reabsorption. We describe these modifications below.
The two-marker technique (21) requires information on the following parameters: 1) Q, the quantity of marker injected [disintegrations/ min (dpm)]; 2) I, the time 0 intercept concentration of marker in body fluid (dpm/ml); and 3) K, the hourly fractional rate of marker elimination. Throughout this article, parameter subscripts specify whether the marker is 3 H2O (denoted by 3 H) or L-[ 14 C]-labeled glucose (denoted by 14 C). We calculated total body water (TBW; ml) as
where K3H is used to extrapolate to I3H from a single blood sample taken ϳ2 h after injection. The rate at which dietary water is incorporated into body water, or water flux (W; ml/h), is then
and the hourly fractional turnover rate of body water (f T) is
To estimate the rate of metabolic water production (V M; ml/h), we made four assumptions: 1) that Pallas's long-tongued bats fuel their metabolism solely with dietary sucrose (53, 54) , 2) that sucrose assimilation is independent of sucrose intake rate (S I; g/h; see Ref. 
where VI is the rate of dietary water intake (ml/h). We calculated both SI and VI on the basis of volumetric food intake (Ϯ0.1 ml) after correcting for evaporation and spillage. The rate of renal water loading (VR; ml/h) can then be estimated as
Because handling stress may cause reductions in renal filtration (11), we estimated GFR during feeding periods as
where IЈ 14C is the concentration of 14 C in the first urine sample after injection, and the quotient of Q14C over IЈ14C is equal to the L-glucose distribution space. We then estimated fractional renal water reabsorption (fR) as
where P 14C and U14C are the 14 C concentrations in plasma and urine (dpm/ml), respectively. We estimated U 14C by extrapolating (Fig. 1 , A and C) or interpolating (Fig. 1B) K14C to the time that we drew the . 3 H and 14 C concentrations in urine are loge transformed here for clarity; however, we determined r 2 values and performed our analyses on nontransformed data (38) . dpm, disintegrations per minute. ajprenal.physiology.org blood sample. To estimate total evaporative water loss (TEWLЈ; ml/h), we first estimated the rate of water excretion (V E; ml/h) as
and then calculated TEWLЈ as
During fasting periods we estimated mean GFR (GFRЈ; ml/h) as
where KЈ14C is the difference between the 14 C concentration in the last urine sample before the fasting period and the first urine sample after the fasting period divided by the length of the fasting period (20) .
Protocol. On the day of a trial, ϳ10 h before the scotophase, we removed bats from the maintenance cage and placed them into individual experiment cages. These cages are the same ones we used in experiment 1 except we suspended the perch from an electronic balance (Ϯ 0.01 g) so that m B data could be obtained without disturbing the bat. At lights off (1900), each bat began feeding ad libitum on one of the randomly assigned experimental diets. Both markers were dissolved in deionized water, and the total volume injected was 24.2 Ϯ 7.3 l (n ϭ 10). Promptly after injection, we began collecting cleanly voided urine. Roughly 15 min before lights on (ϳ0645), we removed each bat from its cage and collected a blood sample from the brachial artery (range: 6.0 -85.5 l). We then returned each bat to its cage and removed the experimental diet. At lights off the following evening (1900), bats resumed feeding ad libitum on the same experimental diet, and we resumed collecting cleanly voided urine. An illustration of this protocol is provided in Fig. 1 . All injection aliquots, 3 H and 14 C background, urine, and plasma samples were placed in individual borosilicate glass scintillation vials immediately after they were collected. We added EcoLume scintillation cocktail (ICN Biomedicals, Costa Mesa, CA) to all samples before measuring counts with a liquid scintillation counter (LS 6000IC; Beckman Coulter, Fullerton, CA). All counts were corrected for 3 H and 14 C background, quench, chemiluminescence, and 14 C spillover.
Statistical Analyses Experiment 1: urine concentrations during water and salt loading.
During the diet acclimation period, we used ANOVA models to determine the effect of subject and diet NaCl concentration on the rate of food intake. To assess urine-diluting ability, we used descriptive statistics on data obtained from bats that were feeding on the salt-free diet. To determine how dietary salt loading affected urine concentration, we used data from bats that were feeding on the salt-containing diets in ANOVA models. Specifically, we evaluated the effect of subject and diet NaCl concentration on measurements of total, Na ϩ , Cl Ϫ , and K ϩ osmolality in urine. Experiment 2: water-handling processes in the GIT and kidney. To determine the effect of both sucrose concentration and subject on water intake rate and GFR, we used repeated-measures ANOVA (R-M ANOVA) models. Afterward, we evaluated differences among means with Tukey's honest significant difference (Tukey's HSD) tests. We also used R-M ANOVA models to compare measurements between the early morning and late evening. In all other cases, we used least-squares linear regression (LR) to analyze data.
For both experiments, we used paired t-tests to evaluate changes in m B over the course of a trial. We assessed significance at ␣ ϭ 0.05, and all data are reported as means Ϯ SD.
RESULTS

Experiment 1: Urine Concentrations During Water and Salt Loading
Diet acclimation. During the diet acclimation phase, not all bats consumed the full range of NaCl solutions. As noted previously, bats that did not eat the experimental diet for a continuous 4-h period during the acclimation phase were returned to the maintenance cage/diet and did not participate in this experiment. Of the bats that fed on the experimental diets during the acclimation phase, food intake rate was not influenced by the diet's NaCl concentration (ANOVA: F 1,16 ϭ 3.13, n ϭ 18, P ϭ 0.0959). Subject had no effect on food intake rate (P ϭ 0.0786), and we excluded this parameter from the above analysis. Food intake rates among the bats that qualified for experiment 1 were 1.58 Ϯ 0.74 ml/h (n ϭ 6), 1.67 Ϯ 0.65 ml/h (n ϭ 6), 1.34 Ϯ 0.27 ml/h (n ϭ 4), and 0.64 Ϯ 0.27 ml/h (n ϭ 2) on the 0, 75, 150, and 225 mM NaCl solutions, respectively. No bats consumed the 300 mM NaCl solution.
NaCl intake. In the analysis below, subject was not a significant parameter (P ϭ 0.3562), and we removed it from our model. During the experiment, NaCl intake rate increased with increasing NaCl concentration (ANOVA: F 1,10 ϭ 22.20, n ϭ 12, P Ͻ 0.0001). NaCl intakes rates are reported in Table 1 . Bats maintained m B on both the salt-free (paired t-test: t 5 ϭ Ϫ1.13, n ϭ 6, P ϭ 0.3113) and salt-containing diets (paired t-test: t 11 ϭ Ϫ0.58, n ϭ 12, P ϭ 0.5715).
Urine concentrations in water-loaded bats. Total osmolality of urine from bats feeding on the salt-free experimental diet ranged from 11 to 104 mosmol/kgH 2 O. Table 1 summarizes these data. Table 1 also contains the Na ϩ , Cl Ϫ , and K ϩ osmolalities of urine from bats fed the salt-free diet. We were unable to obtain individual ion measurements for one bat; total urine osmolality for this individual was 13 mosmol/kgH 2 O. Urine concentrations in salt-loaded bats. Subject had no influence on the total osmolality of urine (P ϭ 0.6889), so we removed this parameter from our analysis. When bats were feeding on the salt-containing experimental diets, total urine osmolality increased with increasing NaCl concentration (ANOVA: F 1,10 ϭ 107.70, n ϭ 12, P Ͻ 0.0001). Total urine osmolality values are reported in Table 1 . The greatest total osmolality value we observed was 617 mosmol/kgH 2 O from a bat feeding on the 225 mM NaCl solution. The concentration of Na ϩ and Cl Ϫ in urine of Pallas's long-tongued bats increased with increasing NaCl concentration (ANOVA: Na ϩ , F 1,10 ϭ 64.46, n ϭ 12, P Ͻ 0.001; Cl Ϫ , F 1,10 ϭ 64.95, n ϭ 12, P Ͻ 0.0001). The same was true for K ϩ ; however, the concentration of K ϩ in urine was also influenced by subject (ANOVA: F 2,9 ϭ 11.00, n ϭ 12, P ϭ 0.0038). Subject did not affect the concentration of Na ϩ or Cl Ϫ in urine (P ϭ 0.9096 and 0.4962, respectively), and we removed this parameter from our analyses above. Individual ion osmolalities are reported in Table 1 .
Experiment 2: Water-Handling Processes in the GIT and Kidney
Marker equilibration and elimination. Equilibration times for 3 H and 14 C were 0.96 Ϯ 0.47 (n ϭ 10) and 0.76 Ϯ 0.44 h (n ϭ 10), respectively. The appearance of both 3 H and 14 C in urine over time was described by negative exponential functions: during the early morning, coefficient of determination 
90). Despite wide-ranging r
2 values, there is no indication that the elimination of both 3 H and 14 C followed a pattern other than that expected from single-compartment, first-order kinetics. In Fig. 1 , we show marker elimination data for three of the 10 individuals to substantiate this conclusion.
Were Pallas's long-tongued bats in neutral water balance? During the early morning, m B after injection (10.65 Ϯ 1.04 g, n ϭ 10) did not differ from that at lights on (10.71 Ϯ 1.21 g, n ϭ 10; paired t-test: t 9 ϭ 0.77, n ϭ 10, P ϭ 0.4589). This indicates that the assumption of neutral water balance during the early morning period was reasonable. Over the course of the 12-h photophase, bats lost ϳ6% (0.68 Ϯ 0.25 g, n ϭ 10) of their lights-on m B . During the late evening, M B at lights off (10.02 Ϯ 1.05 g, n ϭ 10) was significantly less than m B at the end of this measurement period (10.35 Ϯ 1.06 g, n ϭ 10; paired t-test: t 9 ϭ 4.43, n ϭ 10, P ϭ 0.0016). Consequently, the neutral water balance assumption was not satisfied for this period.
Body fluid spaces. TBW in Pallas's long-tongued bats was 6.93 Ϯ 0.90 ml (n ϭ 10), which represents 65.5 Ϯ 9.8% of m B (n ϭ 10). Using our modified approach, L-glucose distribution space was 2.04 Ϯ 0.62 ml (n ϭ 10). This volume corresponds to 19.1 Ϯ 5.3% of m B (n ϭ 10).
Water intake. Subject did not influence water intake rate (P ϭ 0.4955), so we removed this parameter from the analyses in this section. During both the early morning and late evening, the rate of water intake by bats increased as the sucrose concentration in their food decreased (R-M ANOVA: F 1,8 ϭ 20.19, n ϭ 10, P ϭ 0.0020). Water intake rates were greater during the late evening compared with the early morning (R-M ANOVA: F 1,8 ϭ 9.03, n ϭ 10, P ϭ 0.0170). We report water intake rates for each experimental diet during both the early morning and late evening in Table 2. Table 2 also contains water intake data for individual bats.
Water flux. During both the early morning and late evening, water flux increased linearly as the rate of water intake increased (LR: early morning, y ϭ Ϫ0.02 ϩ 0.92x, r 2 ϭ 0.94, n ϭ 10, P Ͻ 0.0001; late evening, y ϭ Ϫ0.14 ϩ 0.96x, r 2 ϭ 0.98, n ϭ 10, P Ͻ 0.0001; Fig. 2A ). Water flux did not differ between these two periods (R-M ANOVA: F 1,9 ϭ 4.44, n ϭ 10, P ϭ 0.0643).
Water absorption in the GIT. Fractional water absorption was independent of water intake rate during both the early morning (LR: P ϭ 0.7108; Fig. 2B ) and late evening (LR: P ϭ 0.0729; Fig. 2B ). Fractional water absorption was 0.84 Ϯ 0.11 during the early morning (n ϭ 10) and 0.83 Ϯ 0.11 in the late evening (n ϭ 10; Fig. 2B ). Measurement period had no influence on fractional water absorption (R-M ANOVA: F 1,9 ϭ 0.003, n ϭ 10, P ϭ 0.9546; Fig. 2B) .
Body water turnover. The fractional turnover of body water increased linearly as water intake rates increased (LR: early morning, y ϭ Ϫ0.02 ϩ 0.15x, r 2 ϭ 0.86, n ϭ 10, P Ͻ 0.0001; late evening, y ϭ Ϫ0.03 ϩ 0.16x, r 2 ϭ 0.98, n ϭ 10, P Ͻ 0.0001; Fig. 2C ). Fractional body water turnover rates were similar between the early morning and late evening (R-M ANOVA: F 1,9 ϭ 4.87, n ϭ 10, P ϭ 0.0547; Fig. 2C) .
Metabolic water production. The rate of metabolic water production was independent of water intake rate during both the early morning (LR: P ϭ 0.1054) and late evening (LR: P ϭ 0.0529). Metabolic water production rates were 0.06 Ϯ 0.04 (n ϭ 10) and 0.10 Ϯ 0.05 ml/h (n ϭ 10) during the early morning and late evening, respectively. Metabolic water production rates were not different between these two periods (R-M ANOVA: F 1,9 ϭ 3.30, n ϭ 10, P ϭ 0.1028).
Renal water load. We found a linear increase in renal water load with increasing water intake during both the early morning (LR: y ϭ Ϫ0.02 ϩ 0.92x, r 2 ϭ 0.94, n ϭ 10, P Ͻ 0.0001) and late evening (LR: y ϭ Ϫ0.08 ϩ 0.99x, r 2 ϭ 0.99, n ϭ 10, P Ͻ 0.0001; Fig. 2D ). Renal water loading rates, however, were not different between these periods (R-M ANOVA: F 1,9 ϭ 4.44, n ϭ 10, P ϭ 0.0643; Fig. 2D ). Glomerular filtration rate. Both subject and sucrose concentration were nonsignificant parameters in our model (P ϭ 0.2010 and 0.0824, respectively), and we removed them from the analyses in this section. There were significant differences among our GFR estimates (R-M ANOVA: F 2,8 ϭ 19.56, n ϭ 10, P ϭ 0.0008), and Tukey's HSD tests revealed that these differences were between daytime GFR' and the GFRs we measured during the early morning and late evening (Fig. 3) . During the early morning, GFR was 3.46 Ϯ 1.43 ml/h (n ϭ 10; Fig. 3 ) and independent of water intake rate (LR: P ϭ 0.3236; Fig. 2E ). During the day, when Pallas's long-tongued bats are fasting, GFR' was 0.37 Ϯ 0.20 ml/h (n ϭ 10; Fig. 3 ). During the late evening, when bats resumed feeding, GFR was 2.69 Ϯ 2.09 ml/h (n ϭ 10; Fig. 3 ). GFR during this period was responsive to the rate of water intake (LR: y ϭ 0.49 ϩ 1.40x, r 2 ϭ 0.58, n ϭ 10, P ϭ 0.0108; Fig. 2E ).
Renal water reabsorption. During the early morning, fractional water reabsorption decreased linearly as water intake rate increased (LR: y ϭ 0.997 Ϫ 0.08x, r 2 ϭ 0.68, n ϭ 10, P ϭ 0.0034; Fig. 2F ). A similar relationship was observed when we Fig. 2 . The influence of water intake rate on water budget components in Pallas's long-tongued bats (Glossophaga soricina) during both the early morning (E, dashed lines) and late evening (F, solid lines). Water flux increased linearly with water intake (A). Fractional water absorption in the gastrointestinal tract (fA) was independent of water intake (B). Hourly rates of both fractional body water turnover (fT; C) and renal water load (D) increased linearly with water intake. During the early morning, glomerular filtration rate (GFR) was independent of water intake; during the late evening, however, GFR increased linearly with water intake (E). Fractional water reabsorption in the kidney (fR) decreased linearly with water intake during the early morning (F). Also during the early morning, both the rate of water excretion (G) and our indirect estimate of total evaporative water loss (TEWLЈ; H) increased linearly with water intake. The assumption of neutral water balance was not met for bats during the late evening measurement period. Water excretion. The rate of water excretion increased linearly with water intake during the early morning (LR: y ϭ Ϫ0.07 ϩ 0.57x, r 2 ϭ 0.77, n ϭ 10, P ϭ 0.0009; Fig. 2G ). We observed a similar relationship between the rate of renal water loading and the water excretion rate during this period (LR: y ϭ Ϫ0.003 ϩ 0.56x, r 2 ϭ 0.66, n ϭ 10, P ϭ 0.0043). TEWL. During the early morning, TEWL' was 0.53 Ϯ 0.29 ml/h (n ϭ 10). Some of the variance in this estimate is explained by the linear increase in TEWLЈ we observed as water intake rates increased (LR: y ϭ 0.09 ϩ 0.47x, r 2 ϭ 0.69, n ϭ 10, P ϭ 0.0028; Fig. 2H ).
DISCUSSION
Our research sought to understand how water-and electrolyte-handling processes in a nectar-feeding mammal adjust to meet contrasting osmoregulatory demands. Accordingly, our discussion focuses on the physiological processes that Pallas's long-tongued bats use to osmoregulate during times of water excess and stress. We adopt a comparative outlook throughout this discussion, paying particular attention to previous findings in nectar-feeding birds.
Overhydration Avoidance
Water elimination. Given that water is known to accompany nutrient absorption in the GIT (30, 44, 45) , our finding that fractional water absorption was independent of water intake is not surprising (Fig. 2B) . This nonregulated water absorption in the GIT means that Pallas's long-tongued bats can experience very high rates of water flux ( Fig. 2A) and body water turnover (Fig. 2C ) when water intake rates are high. Interestingly, if the hourly water fluxes we observed here (0.08 -3.14 ml/h; Fig.  2C ) are extrapolated to a 12-h day (0.96 -37.68 ml/12 h), Pallas's long-tongued bats can, when water intake rates are high, have daily water fluxes greater than those experienced by equal-sized marine fishes (39) . A similar conclusion has also been reached for hummingbirds when their water intake rates are high (34) .
In terms of maintaining water balance, nonregulated water absorption in the GIT means that the kidneys of Pallas's long-tongued bats must process potentially large water volumes (Fig. 2D) . Despite this, early morning GFR was insensitive to water loading (Fig. 2E) and 57% lower than the allometric expectation of 6.06 ml/h ( Fig. 3 ; see Ref. 48 ). Although we found that GFR increases with water intake during the late evening (Fig. 2E) , this observation needs to be reproduced before such a response can be considered a water elimination mechanism. With this caveat in mind, our findings suggest that Pallas's long-tongued bats eliminate excess water by reducing fractional water reabsorption in the kidney (Fig.  2F) . Such a response explains our observation that water excretion rate increased with water loading (Fig. 2G) . Interestingly, our indirect estimate of TEWL suggests that it and excretory water loss are of comparable importance for eliminating excess water (Figs. 2, G and H) . However, we note that, whereas water excretion rates are likely to be determined by hormonally controlled water reabsorption processes in phyllostomid bats (42, 43) , it is unlikely that TEWL is upregulated when water intake is high. In nectar-feeding birds, metabolic rate increases when feeding on energetically dilute sugar solutions (32, 33) . Our finding that TEWLЈ increased with water intake in nectar-feeding bats may be explained by a similar increase in metabolic rate. In general, our findings show that the processes Pallas's long-tongued bats use to eliminate water are similar to those used by both hummingbirds (23) and nectar-feeding passerines (17, 37) . The one exception to this conclusion is that Palestine sunbirds (Nectarinia osea) also decrease water absorption in the GIT as water intake rates increase (36) .
Urine dilution. Although Pallas's long-tongued bats excreted highly dilute urine when they were water loaded (Table  1) , their capacity to recover filtered electrolytes does not appear exceptional among mammals (10, 28) . Although specialized nectar-feeding hummingbirds and passerines may be able to subsist on a strict diet of nectar (6, 14) , the same may not be true for Pallas's long-tongued bats. Although this species relies heavily on nectar, they are known to consume insects in nature (25, 29) .
Dehydration Avoidance
Urine concentration. We found that salt-loaded Pallas's long-tongued bats produce urine with a total osmolality of 578 Ϯ 56 mosmol/kgH 2 O (n ϭ 2; Table 1 ). Although this value is approximately twice as concentrated as plasma, it is lower than Studier and Wilson's (51) measurement for this species (832 mosmol/kgH 2 O). Compared with other terrestrial mammals, both measurements suggest that Pallas's longtongued bats have a weak urine-concentrating ability (3); however, this capacity does not appear to be different from that observed in other nectar-feeding vertebrates; nectar-feeding bats (excluding the species we studied; see Ref. 7) , hummingbirds (31) , and passerines (14) are reported to have urineconcentrating capacities no greater than 342, 600, and 461 mosmol/kgH 2 O, respectively. In terms of avoiding dehydration, these weak urine-concentrating capacities indicate that Fig. 3 . GFR during dissimilar times of day in Pallas's long-tongued bats (Glossophaga soricina). Our GFR and mean GFR (GFRЈ) estimates (open bars) were all lower than the allometric prediction of 6.06 ml/h (solid bar; see Ref. 45) . GFR during the early morning and late evening feeding periods was 3.46 Ϯ 1.43 (n ϭ 10) and 2.69 Ϯ 2.09 ml/h (n ϭ 10), respectively. Some of the variability in late evening GFR is explained by the positive and linear relationship between GFR and water intake during this period (Fig. 2E) . GFRЈ during the day, when bats were naturally fasted, was 0.37 Ϯ 0.20 ml/h (n ϭ 10). Values are means Ϯ SD; lowercase letters denote statistical differences.
nectarivorous vertebrates must rely on other renal processes to limit their urinary water loss during periods of water stress.
Water conservation. We found that GFR in Pallas's longtongued bats was very responsive to water deprivation. During the 12-h day, when bats were naturally fasting, mean GFR was reduced by roughly 90% compared with the GFR we measured in fed bats during the early morning (Fig. 3) . Although GFR has not been measured in fasted nectar-feeding passerines, drastically reduced and arrested GFRs were previously observed in fasted hummingbirds (23) . Interestingly though, among mammals, GFR reductions of this magnitude have only been observed during hibernation (56, 57) . In lieu of producing highly concentrated urine, nectar-feeding vertebrates appear to limit urinary water loss during times of water stress by reducing the volume of body water filtered in the kidney (20, 21; Fig.  3 ). An interesting difference between nectar-feeding mammals and birds, however, may be their renal water reabsorption capacity. During the early morning, the intercept of the relationship between fractional renal water reabsorption and water intake rate in Pallas's long-tongued bats suggests that they reabsorb 99.7% of the water that enters the renal tubules (intercept ϭ 0.997; Fig. 2F ). These same relationships in specialized nectar-feeding birds suggest that they are only capable of reabsorbing roughly 75 to 91% of filtered water (23, 37) . We suspect that nectar-feeding mammals may show a greater renal water reabsorption capacity because 1) unlike birds, mammals cannot tolerate interruptions in renal filtration (10, 24) and 2) compared with birds, mammals appear to have less control over the composition of urine after it leaves the kidney (5, 18, 49) .
